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ABSTRACT 
 
 
In mature fields the handling of excess produced water is a common task. Cyclic water injection is an IOR 
process that is claimed to improve the oil recovery factor, while also lowering the cumulative water produced and 
water cut in heterogeneous reservoirs. Cyclic water injection works primarily on the idea of alternating the 
waterflood patterns such as the length and rate of the injection cycles, which accelerates cross-flows and improves 
the sweep efficiency in low permeability zones. The method is operationally simple to implement with a 
negligible/minimal additional cost. 
The method has been applied to a number of fields primarily in the former Soviet Union, China and the USA, 
and while the improvement in oil recovery is a documented phenomenon, the IOR mechanism is neither well-
defined nor well-understood and hence it is not always successful. There is uncertainty with factors such as the 
best cyclic injection duration and rate variation to choose as a function of reservoir rock and fluid properties. 
This paper presents the results of numerical reservoir simulations for conceptual heterogeneous simulation 
models. The trials were also implemented on a model of the Wytch Farm reservoir. The analysis consisted of 
considering various parameters and evaluating them based on their relevance and importance to the efficiency of 
the cyclic water injection process. 
The simulations support the idea that cycling the injection can improve the oil recovery and lower the water 
produced. Reservoir heterogeneity is demonstrated to be the most important parameter when deciding whether or 
not to implement a cyclic waterflood, and cyclic water injection can be useful for controlling surface water. Based 
on trials for 2D and 3D models, oil recovery is improved up to 8%, with decrements in water production of up to 
20%, against conventional waterflooding, obtained under certain reservoir conditions. Cyclic injection on a 
Wytch Farm model improved oil production by 2.8% and lowered water production by 16.5%. This suggests that 
operationally, and for a minimal additional cost, there can be a considerable economic advantage to implementing 
cyclic water injection. 
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Abstract 
In mature fields the handling of excess produced water is a common task. Cyclic water injection is an IOR process that is 
claimed to improve the oil recovery factor, while also lowering the cumulative water produced and water cut in 
heterogeneous reservoirs. Cyclic water injection works primarily on the idea of alternating the waterflood patterns such as the 
length and rate of the injection cycles, which accelerates cross-flows and improves the sweep efficiency in low permeability 
zones. The method is operationally simple to implement with a negligible/minimal additional cost. 
The method has been applied to a number of fields primarily in the former Soviet Union, China and the USA, and while 
the improvement in oil recovery is a documented phenomenon, the IOR mechanism is neither well-defined nor well-
understood and hence it is not always successful. There is uncertainty with factors such as the best cyclic injection duration 
and rate variation to choose as a function of reservoir rock and fluid properties. 
This paper presents the results of numerical reservoir simulations for conceptual heterogeneous simulation models. The 
trials were also implemented on a model of the Wytch Farm reservoir. The analysis consisted of considering various 
parameters and evaluating them based on their relevance and importance to the efficiency of the cyclic water injection 
process. 
The simulations support the idea that cycling the injection can improve the oil recovery and lower the water produced. 
Reservoir heterogeneity is demonstrated to be the most important parameter when deciding whether or not to implement a 
cyclic waterflood, and cyclic water injection can be useful for controlling surface water. Based on trials for 2D and 3D 
models, oil recovery is improved up to 8%, with decrements in water production of up to 20%, against conventional 
waterflooding, obtained under certain reservoir conditions. Cyclic injection on a Wytch Farm model improved oil production 
by 2.8% and lowered water production by 16.5%. This suggests that operationally, and for a minimal additional cost, there 
can be a considerable economic advantage to implementing cyclic water injection. 
 
Introduction 
In oil recovery, waterflooding is used to displace oil, improving the recovery over that obtained by primary recovery whilst 
maintaining reservoir voidage. The problem with this is the water tends to preferentially travel along high permeability layers 
bypassing oil in lower permeability layers. The displaced oil is swept by the water towards the producers. High fluid injection 
rates cause faster recovery (Mannon et al. 1972); however, the resulting high pressure can also cause induced fractures that 
can lower the sweep efficiency. At the same time, lower injection rates promote capillary dominated cross-flows (Sehbi et al. 
2001), which improves the displacement efficiency in lower permeability layers, although the resulting production rates may 
not be economic.  
In mature fields, dealing with excessive water production is a common challenge. For every one barrel of oil, the world 
produces five barrels of water per day (Al-Mutairi et al., 2008). When fields reach certain water cut levels, it becomes 
difficult and uneconomical to maintain production. Cyclic water injection is an improved oil recovery (IOR) method that can 
improve the oil recovery rate and reduce the water cut in heterogeneous reservoirs that have high permeability contrasts. The 
oil recovered increases by improving sweep efficiency in the low permeability zones that are not usually swept by traditional 
waterflood practices. There is, however, uncertainty in understanding the IOR mechanism(s) that contribute(s) to production 
enhancement. It is not understood what the dominating mechanism is and whether it is due to either the heterogeneity, 
pressure conditions, rock-fluid parameters, well control or well patterns.  
Previous cyclic water injection studies carried out with laboratory and field applications have suggested that the oil 
recovery can be improved with the water cut lowered significantly (Khuzeev et al., 2012, Yaozhong et al., 2006, Shchipanov 
et al., 2008). Analytical estimates have suggested that oil production increments in the range of 10% and water cut 
decrements of up to 20%; however, the uncertainty in the mechanism means reservoir simulations have also shown lower 
increments in cumulative oil production. Such uncertainty provides a basis for exploring putative yield patterns on a case-by-
case basis, particularly by using numerical simulations. These studies have shown that cyclic water injection can improve the 
oil recovery and lower the water cut levels, for minimal additional costs and hence is an attractive process. However, some 
previous trials of the process have had conflicting results. Cyclic waterflooding was applied to the Spraberry field in Texas, 
and showed an improvement in cumulative oil production and lower water cut level (Elkins et al., 1968). Other papers 
suggest no production change. For example, when a field test was performed on an oilfield in Germany, there was no 
confirmed increase in oil production (Groenenboom et al., 2003). In another simulation study, there was no change in the 
cumulative oil production; however, there was a significant reduction in cumulative water production, with a reduction in 
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cumulative water injection (Al-Mutairi et al., 2008).  
These differing outcomes of cyclic injection are plausibly due to an overall lack of understanding of the IOR mechanism. 
It has been proposed that the production is enhanced due to capillary effects, or that cyclic injection through cessation of 
water injection forces capillary forces to become dominant, expelling oil from the lower permeability zones to the higher 
permeability zones (Elkins et al. 1968, Yunxian et al., 2011). Alternatively the cyclic water injection process consists of 
pressurizing and depressurizing the reservoir, which is controlled by cycling the injection rates. Khuzeev et al. (2012) 
suggested that production enhancement was due to rapid decompression and compression, causing fluid leakage. They 
suggested that capillary forces play a secondary role in cyclic water injection; as such fluid re-distribution is slow in 
comparison with cyclic well control. It was suggested that the prime contribution to production enhancement was through 
cross flows from compressibility effects (Shchipanov et al. 2008). In addition, there is no logical theory defining well 
patterns, the injection cycle duration or intensity (Khuzeev et al, 2012). The uncertainty in the primary mechanism further 
motivates this work. 
In a heterogeneous reservoir, the oil recovery increases during cyclic waterflooding primarily due to increased cross flows 
between the lower and higher permeability zones, caused by the pressurizing and depressurizing cycles. Reservoir 
heterogeneity is an important parameter for cyclic water injection. Injected water advances more quickly along the higher-
permeability layers than the lower-permeability ones, which produces a water saturation difference and subsequent pressure 
difference, both vertically and horizontally. Cyclic water injection accelerates the cross-flows in these cases, because 
pressures in high-permeability layers change faster than in low-permeable layers, and there are compressibility related cross-
flows controlled changes in pressure in layers with differing permeabilities. This causes the water saturation to increase in the 
lower permeability intervals, and the oil saturation to increase in the layers with higher permeabilities as these intervals can 
become lower-pressured more quickly. Therefore, fluids with high oil saturation tend to flow from the lower to the higher-
permeability layers. This pressure difference by cyclic injection essentially ‘exchanges’ the oil from lower-permeability 
intervals with water from the higher-permeability intervals, from the resulting cross-flows. Hence this produces a decrement 
in the water cut in heterogeneous reservoirs, whereas in homogeneous reservoirs, the water cut will increase.  
It should be noted that cyclic injection is often confused with pulsed pressure technology (PPT). In a lot of the literature 
the terms cyclic injection and pulsed injection are almost used interchangeably; however, the idea of cyclic injection is based 
on alternating the waterflood patterns by cycling the injection rates and durations. The main difference is that in a cyclic 
injection process, the water injection rates are changed between high and low values, periodically, ranging from days to 
months on a field scale. In pulsed pressure technique there are several pressure pulses applied in short time intervals, usually 
minutes (Shchipanov et al., 2008, Groenenboom et al., 2003). 
In the present study, the parameters that affect cyclic water injection are investigated. 2D and 3D generic reservoir 
simulation models and a model of Wytch Farm are used to evaluate the effects of cyclic water-injection on reservoir 
performance. The framework will guide our understanding of the dominant mechanism, and understand the most important 
parameters.  
 
Methodology 
In order to better understand the IOR mechanism and rank the factors in terms of their importance into achieving optimum 
cyclic efficiency, numerical reservoir simulations were completed with 2D and 3D layered grid models for a range of 
reservoir properties. Although operationally only the cycle injection rates and durations can be modified, the numerical 
simulations were completed to determine the reservoir conditions under which optimum cyclic efficiency can be obtained. 
The trials were carried out in two stages for each sensitivity investigation: 
1. Continuous waterflooding: this acted as a base case (reference point) for each sensitivity trial. 
2. Cyclic water injection: each of the sensitivity trials was completed and the results compared against the base case. 
With each trial the main parameters monitored were the cumulative field oil production, total water injected, total water 
produced, water cut, and change in oil recovery factor (RF) as a percentage of the oil in place (OOIP). 
Commercially available software was used for the simulation trials in this study. The injection and production flows were 
controlled by the reservoir volume .The base injection rate was chosen to give the model a 1ft/d frontal advance rate. When 
the simulation trials were conducted the injection rate was the base injection rate for the model, which was the base case for 
all rate trials; the details are provided in the following section. During cyclic water injection the production rate was kept the 
same as this base case injection rate but the injection rates were modified. When implementing the cyclic waterflood, there 
were convergence errors when there were sudden changes in time step which were overcome by adding keywords. 
 
Simulation Models 
Generic (synthetic) reservoir simulation models were built to investigate the cyclic injection, first 2D and subsequently 3D to 
test and verify any patterns and observations. The models were set up to be layered with permeability and porosity contrasts. 
Both the models contain 3 layers and were built using realistic oilfield characteristics (fluid properties) and synthetic data 
(wettabilities and capillary pressures).  
The 2D model was made using 200×1×50 Cartesian simulation blocks to represent a model of size 1000m×1m×50m.  The 
thickness was chosen as it is represents an oil column thickness value and an interwell distance of 1000m was chosen. The 
3D model was made using 50×15×50 Cartesian simulation blocks to represent a model of parameters 1000m×150m×50m. 
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Grid size refinement trials were carried out and there was little difference in production using the chosen numbers of grid 
blocks and a much finer grid, the grid sizes used also allowed for the trials to be run faster. Data was available for the Wytch 
Farm field, which is a Sherwood sandstone reservoir in the south coast of England. The Wytch Farm reservoir has an oil 
column of 60m, a bubble point pressure of 1110psig (77.5bar) and a high level of vertical heterogeneity, with a Kv/Kh ratio 
of around 0.1. An upscaled simulation model of grid size 115×33×20, with 20 layers, and OIIP of 66.0×10
6
sm
3
 was used. A 
continuous waterflood was applied, for 20 years, which was the base case that cyclic water injection was compared against.  
There are 13 production wells and 7 injection wells, of which 6 and 2 are horizontal wells, respectively. The fluid properties 
for the generic models were the same ones used in the Wytch Farm model, allowing for a more realistic representation, 
including the irreducible water saturation (Swc). 
The basic reservoir properties used for the trials are presented in Table 1. The base characteristics of the generic models 
are provided in Table 2. These were used for the base case comparisons. 
 
Table 1 - Basic Reservoir Properties. 
  2D 3D Wytch Farm 
Swc (fraction) 0.18 0.18 0.18 
OOIP (sm
3
) 46100 691000 66000000 
Effective permeability, Keff, mD 154 154 160 
Average porosity, fraction 0.14 0.14 0.18 
Number of grid cells 10000 37500 75900 
Initial Reservoir Pressure (bara) 167 167 167 
Rock Compressibility (1/bar) 5.00x10
-6
 5.00x10
-6
 5.00x10
-6
 
Bubble Point Pressure (bara) 75.5 75.5 75.5 
 
Table 2 - Base characteristics of generic models. 
Characteristics Layer 1 Layer 2 Layer 3 
Permeability (mD) 10 500 10 
Porosity (%) 12 20 12 
Thickness (m) 20 10 20 
 
Simulation Runs 
Table 3 shows some of the values for the sensitivity trials conducted. They were conducted to consider both the operational 
parameters, and the reservoir conditions in which the process would be most effective. The sensitivity trials focused on: 
- Cycle rate; 
- Cycle length/number of cycles; 
- Different wettabilities; 
- Different capillary pressures (Pcap); 
- Changes in permeability contrasts; 
- Different Kv/Kh ratio. 
 
Table 3 - Showing some of the values used for the sensitivity trials. For example when the injection rates are cycled as shown above 
at 20-22, there is an injection cycle where the rate is 20m
3
/d followed by an injection cycle of 22m
3
/d for the prescribed number of 
cycles. 
2D 3D 2D and 3D 2D and 3D 
Cyclic Rates Cyclic Rates Number of cycles Kv/Kh ratio 
20-22 193-200 3 0.01 
22-20 192-200 4 0.025 
20-21 200-185 5 0.05 
19-21 185-200 6 0.1 
18-21 200-178 8 0.25 
18-24 150-200 10 0.5 
14-28 178-200 20 1 
 
The sensitivity trials, with input parameters as Table 3, were initially conducted in 2D, to observe any general effects 
which could then be applied to the 3D models to verify their validity. They were further conducted to find out any rules with 
respect to the ideal cyclic injection rates, durations and reservoir conditions under which they would and would not work. 
The rate sensitivities were performed with a total of 6 equal injection cycles, with the total injection duration the same as the 
continuous injection case.  
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The cyclic rate sensitivities were initially conducted with the cyclic rates averaging to the base rate; combinations of rates 
higher than this, and lower, and the opposite, with lower and then higher rates. This was performed to have the same 
cumulative injection volume, subsequently they were varied based on observations from the trials. The 3D continuous 
injection duration was twice that of the 2D, and hence there was a higher base case RF, which is an important point to note as 
under these circumstances, whilst the production enhancements may not be as significant as the 2D, any positive production 
enhancements would support the concept. In addition, the injection and production wells were placed diagonally to provide 
an opportunity to further understand and to test the repeatability of any observations. Initially the cyclic injection rates were 
modified to maintain the same cumulative water injection by cycling at rates that average to the base injection rate. The 
Kv/Kh ratio was changed by adding a multiplier to the data files. Synthetic data was used for the wettability and capillary 
data. The trials were performed for the water wet (WW) case first, to observe general patterns which were then applied to the 
other wettabilities. Wytch Farm is a heterogeneous water wet reservoir and the best results case (based on change in oil 
recovery and water production) was applied to a reservoir model. A fine grid was used to allow a better visualization of the 
dispersion. Schematics of the models and well perforations can be seen in Figure1. 
A ‘base case’ set of results are displayed in Table 4. from a continuous non-cyclic waterflood, the results from the 
sensitivitiy trials are compared against these. The sensitivity trials were performed on the 2D case, followed by the 3D. The 
results obtained form the conceptual models were analyzed and applied to the Wytch Farm reservoir field model.  
 
Table 4 – Base case – continuous non-cyclic injection parameters. 
  2D 3D Wytch Farm 
RF (%) 34.3 60.7 44.4 
Field water cut (%) 84.4 87.5 86.6 
Field cumulative water production (sm
3
) 18100 177000 54100000 
Field cumulative water injection(sm
3
) 37800 728000 86900000 
Continuous Injection duration (days) 1800 3600 7300 
Continuous Injection Rate (m
3
/d) 21 200 7500 
 
 
Figure 1 – Schematics of the generic models, in 3D the wells are spaced diagonally and, in both models the wells are perforated 
through the entire thickness. 
 
Results and Discussion 
Sensitivities on synthetic models 
Cycle rate  
The results confirm that cycling the injection rate can improve the recovery factor and lower water production vs. continuous 
injection. The recovery enhancements obtained in the 3D model were lower than that of the 2D, but this is as expected for 
reasons explained previously. Oil recovery improved the most when the injection cycles were performed with a lower 
injection rate, followed by the base injection rate (see Table 4). When any of the cycle injection rates were above the base 
injection rate, water breakthrough occurred earlier. The optimum cyclic injection is achieved by injecting at a lower rate, 
followed by the base rate, as illustrated in Figure 2. When the injection was cycled at low rates followed by high rates, there 
was an improvement in oil recovery with a higher water cut. The opposite effect was observed when the injection was cycled 
at high rates then low rates, shown in Figure 3.  
When the injection is cycled at a lower rate, followed by the base rate, the oil recovery improves (over 2%) as there is 
better displacement efficiency, whereas, when the injection is cycled at rates higher than the base injection rate and then the 
rate is lowered, there is earlier water breakthrough, as the shock front travels to the producer quicker, and more produced 
water. 
The optimal effect was when cycling the injection at a lower rate, followed by the base injection rate, which showed an 
increase in the oil recovery and a drop in the water cut. Cycling the injection rates improved oil recovery by over 2% and 
decrease water production by up to 15%.  
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Figure 2 - Comparing change in RF and water cut with various cyclic injection rates. Cycling the injection at any rate above the base 
rate had a negative impact on either RF or water cut. The graph shows that cycling at a low rate – base injection scheme has the 
highest potential for production enhancement.  
 
The improvements in RF and decrements in water production obtained when the injection rates were cycled at 20m
3
/d and 
21m
3
/d were 2.4% and 5.7%, at 19m
3
/d and 21m
3
/d were 2.4% and 10.8%, respectively for the 2D model. For the 3D model, 
at 195m
3
/d and 200m
3
/d, there was a 0.4% increase in the RF and a 3.5% decrease in the water production. This is shown in 
Figure 3 which shows the production changes by varying the rate. 
 
 
 
Figure 3 – The main results from the sensitivities to cycle rate. Shown on the left are the rate sensitivities for the 2D synthetic 
model, on the right, 3D. The graphs show that cycling at a low rate first, then the base rate provides highest production 
enhancements. The rate trials were performed with 6 equal injection cycles at the rates shown on the above graph. 
 
When the injection rate is higher than the base rate, in any injection half-cycle pattern, the water will flow through the 
higher permeability streak quicker, and water will breakthrough earlier. The results suggest that the pressure is a key factor, 
particularly depressurization of the reservoir by lowering the injection rate below the base rate. The production enhancement 
can be partly attributed to the improved microscopic displacement efficiency due to increase in pressure difference, which 
accelerates the cross-flows. Cycling the injection rates at a lower rate followed by the base rate, aside from the operational 
practicalities of injecting less water, can delay the shock front from reaching the production well, and thus delaying water 
breakthrough.  
Based on the simulation results, when the injection rate is lowered there is a period of depressurization in the reservoir, 
and when increased to the base rate (or a slightly higher rate, potentially) there is a period of re-pressurization. These 
pressurization and depressurization cycles, accelerate the vertical pressure changes in the heterogeneous layers and improves 
the vertical sweep efficiency.  
 
Cycle length 
These trials were carried out to find out whether numerous short injection cycles or fewer longer injection cycles would 
provide the most recovery compared to the base case of continuous water injection. The trials were carried out with the cycle 
rates that provided the highest improvement in oil recovery from the previous section (20m
3
/d and 21m
3
/d for the 2D model 
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and 193m
3
/d and 200m
3
/d, for 3D). The number of cycles was varied between having a low number of long injection cycles 
and several short injection cycles, with the cumulative cyclic injection duration the same as the continuous injection duration.  
With every cyclic injection length case, there was an improvement in the oil recovery as compared to the base continuous 
constant injection case, however the greatest improvements in oil recovery were when there were longer cycles (over 3%) vs. 
shorter cycles (around 2%). There were positive production enhancements in both the 2D and 3D models, and the greatest 
improvement in the RF and decrement in the water production was with longer injection cycles. With longer injection cycles, 
the cumulative water injected was also lower, and water breakthrough occurring later, than in the continuous injection case. 
In 2D and 3D respectively, longer injection cycles lowered the water production by over 6% and 8%, compared to shorter 
cycles with 5% and 7%, respectively. 
The cyclic process involves pressurizing and depressurizing the reservoir by water injection. When there are longer 
injection cycles, greater pressure differences are created during the pressurizing and depressurizing cycles (Figure 4), and this 
creates optimal conditions for vertical pressure difference in the layered models and hence, allows more water to go from the 
higher-permeability layers to the lower-permeability layers. Thus during pressurizing cycles, the injected water is forced into 
the lower-permeability layers due to the higher pressure; and during the depressurizing cycles, more fluids are forced out of 
the lower-permeability layers to the higher-permeability layers and hence, greater oil drainage from the lower-permeability 
layers. The main sensitivity trial results are shown in Figure 5. The figure shows the percentage improvement in oil recovery 
and water production achieved for a variation in the number of cycles for the 2D and 3D synthetic models. 
 
 
Figure 4 - Field pressure profiles for various cyclic injection durations, from 2D model sensitivity. Longer cycles tend to have better 
production effects than shorter cycles, as they create greater pressure differences. 
 
 
Figure 5 – Sensitivities to cycle length show that longer cycles provide most production enhancement. On the left are sensitivities 
for the 2D model, on the right, 3D. The percentage incremental oil recovery increases with decreasing number of cycles, which is 
the same for the percentage decrement in water production.  
 
The results suggest a production enhancement for any cyclic length, and although the cyclic effect is present for any 
length, the effects are most marked for longer duration cycles. Longer cyclic durations create greater pressure differences and 
accelerating cross-flows but also, provide more time for fluid equilibration than shorter cycles, further delaying the 
waterflood front from reaching the producing wells earlier.  
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For both the controllable operational parameters (length and the rate), cycling the injection rate improves the cumulative 
oil production. The lower cyclic injection rates and longer cyclic injection lengths result in better microscopic displacement 
efficiency (Figure 6), delaying breakthrough and lowering the water production rate and increasing the oil production rate 
(Figure 7) thus, allowing residual oil saturation (Sor) to be reached earlier, as in Figure 8. 
 
 
Figure 6 – Oil saturation map showing change in oil saturation with conventional waterflood vs. cyclic waterflood on a 2D model. 
The cyclic waterflood has better displacement efficiency, displacing more oil. 
 
 
 
Figure 7 - Highlights the marked drop in the water production rate with cyclic waterflooding vs. non-cyclic.  The cyclic effect can be 
noticed at around 700 days. 
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Figure 8 - Illustrates the improvement by cyclic water injection vs. conventional waterflooding as there is lower oil saturation at the 
end due to the improved microscopic displacement efficiency by cyclic effect. The enhancements by cyclic effect can be seen at 
around 700 days. 
 
These results, however, were obtained assuming one set of reservoir conditions. It is highly likely that recovery and water 
cut are also affected by reservoir rock and fluid properties such as, effective reservoir permeability, permeability contrast 
between layers, style of heterogeneity, capillary pressure, and wettability. Effects of reservoir rock and fluid properties are 
examined in the next section. For the subsequent trials the ‘best’ cycle length determined is used.  
 
Wettabilities and capillary pressures 
From the simulation results with cyclic injection vs. non-cyclic injection, the water wet (WW) case provided the most 
improvement in recovery (3.5%), followed by the oil wet (OW) case (2%); however, the mixed wet (MW) case provided 
minimal improvement in the cumulative oil produced, compared with when the injection rates were kept constant. Figure 9 
shows the percentage changes with cyclic water injection. With all three cases, there was a decrease in the total water 
produced and hence, water cut. The trials were conducted without capillary pressures and then with capillary pressure data. 
When capillary pressures were added, oil recovered was marginally greater in the base case than without capillary pressure. 
The mixed wet case provided the greatest change in water production. Despite this, however, the improvement of oil recovery 
and decrement of water cut with cyclic injection remained the same.  
There were improvements in oil recovery and water cut for all wettabilities. The production enhancements for the MW 
case for oil recovery were minimal although, cycling the injection delayed the water breakthrough.  Nonetheless, the benefits 
of cyclic water injection are most observable on water wet reservoirs, less on oil wet reservoirs, and there is no perceivable 
enhancement on mixed wet reservoirs. 
 
 
Figure 9 - Sensitivities to wettability and capillary pressure showing the percentage changes in oil recovery, water production and 
field water cut, with cyclic water injection. The production enhancement was the greatest on the water-wet reservoir, and the effects 
virtually negligible for the mixed-wet reservoir. 
 
When water surrounds a low permeability layer, capillary pressure increases recovery from the lower permeability layers, 
due to capillary dominated cross flows (Tavassoli et al. 2005). Capillary dominated cross-flows play a secondary role in 
cyclic water injection in heterogeneous reservoirs, as the fluid redistribution is affected by the pressure difference by well 
control parameters. However, capillary forces tend to hold injected water in the rock and injection with long cycles at a low 
rate followed by the base rate provides time for fluid equilibration.  
Capillary pressure can be defined as the pressure difference of non-wetting fluid and the wetting fluid as a function of the 
saturation of the wetting phase and capillary forces are of greater importance at permeability boundaries (Dawe et al. 1992). 
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The capillary forces tend to imbibe water and expel oil, during long injection cycles at low rates; capillary cross-flow plays a 
greater role. In a mixed wet system, the surfaces are neither strongly water wet nor oil wet. Water wet rocks preferentially 
imbibe water, and oil wet rocks preferentially imbibe oil. The mixed wet case had the lowest production enhancement from 
cyclic waterflooding. This is possibly because some pores are oil wet and some water wet, and the water is poorly connected 
through the pores (Xiucai et al. 2010). The resulting pressure differential was not large enough and hence, did not promote 
capillary cross flows. 
In oil wet reservoirs, capillary pressure resists cross-flows at the edge of the high water saturation layer (Fitzmorris et al. 
1992). The difference in saturation across the layers, suggests a small pressure differential (Figure 10). In this case, cyclic 
water injection accelerates this and results in some oil imbibition into the water saturated layer, thus marginally improving oil 
recovery. However, in oil wet reservoirs, water flows through more easily, accounting for the low decrements in water cut in 
the oil wet case. The displacement efficiency is not significantly improved and hence, the production enhancement in this 
case is not as high as the water wet reservoir.  
When the reservoir is water wet, the oil will flow through more easily; however, since water is the wetting fluid, it creates 
an envelope around the pores. The creation of the envelope around the pore ensures that oil recovery in these locations is not 
improved. Since there will be a greater saturation difference across the layers, pressure conditions are more suited than mixed 
wet reservoirs. In addition, water wet rocks preferentially imbibe water. Thus when a cyclic waterflood is applied the 
pressure differential accelerates capillary cross flow, which causes water imbibition into lower-permeability layers and expels 
oil to the higher-permeability layers. In heterogeneous water wet reservoirs, it is possible to have greater differences in 
saturations and pressure, resulting in the most production enhancement and a lower oil saturation from the process. 
Figure 10 provides a visual representation of the saturation differences. There is a greater saturation difference between 
the layers in water wet than in oil wet, which promotes greater capillary cross flows. 
 
 
Figure 10 – Shows the difference in saturations following water injection, for the 2D model, in the water wet (top) and oil wet 
(bottom) cases. Due to the saturation differences, the capillary pressure difference will be greater in the water wet case than in oil 
wet, and cyclic water injection will promote and accelerate cross flows under these conditions.  
 
Permeability contrast and Kv/Kh ratio 
To further understand the impact of reservoir heterogeneities, the Kv/Kh ratio (permeability anisotropy), permeabilities and 
contrasts of the layered models were varied to get an idea of the type of reservoirs the highest oil recovery improvement 
could be obtained from through cyclic injection. 
A sensitivity where the Kv/Kh ratio was varied is shown in Figure 11. With a lower Kv/Kh ratio, the water cut decrement 
and improvement in oil recovery through cyclic injection kept increasing. With the 2D case, the highest production 
enhancement obtained was with a Kv/Kh ratio of 0.025, whereas with 3D, the production enhancement was greater with 
further decreasing Kv/Kh ratios. This is possible because the continuous injection base case for Kv/Kh ratio of 0.01 had a 
high RF at 41.8% before cyclic injection, and although there is a production enhancement with cyclic injection, it is slightly 
lower, which parallels the 3D model. The oil recovery was increased by up to 8%, with around 11% less water produced with 
cyclic injection. These results suggest that the production enhancement by cyclic water injection is highest in high anisotropy 
reservoirs with Kv/Kh values below 0.1. 
When the layers had a permeability contrast (Figure 12), cyclic water injection improved the oil recovery and decreased 
the water produced. The effect was the opposite in models with low-permeability contrasts (such as the model with 3 layers 
of horizontal permeabilities: 10mD, 25mD, 10mD) – virtually homogeneous, where cycling the injection lowered the 
recovery marginally (0.8%), however, the water cut was significantly lowered (15.5%).  
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Figure 11 – These results show the change in production parameters with cyclic water injection, against conventional water 
injection, for each trial. The results from sensitivities to Kv/Kh ratio trials suggest that cyclic water flooding is more effective in high 
anisotropy reservoirs.  
The results suggest that cyclic injection has the greatest production enhancement on low anisotropy reservoirs with high 
permeability contrast.  The results also suggest that permeability contrast is more important than the effective permeability, 
Keff (Figure 12). For example, in the 2D case, a model with permeabilities of 300mD, 500mD, 50mD, and effective 
permeability of 240mD had an incremental oil recovery of 6% and water cut decrement of 3.3%, another model with the 
same effective permeability, but with permeabilities of 500mD, 10mD, 50mD had an incremental recovery of 7.3% and a  
water cut decrement of 5.2%. There were similar effects in the 3D model. 
Cycling the injection increases the recovery as it accelerates the cross-flow between the lower and higher permeability 
zones, between layers of differing permeabilities. The greater the contrast in permeability across layers, the greater the 
pressure differential. Additionally, the best cycle length will not change, regardless of the thickness or permeability contrast. 
Since water tends to flow through higher permeability layers faster, in higher permeability layers the oil displacement by 
water occurs faster than in the lower permeability layers. The water saturation increases in these layers increasing the 
pressure differential due to water/oil compressibility effects creating favorable conditions for vertical pressure drops and 
subsequent interlayer cross-flows.  
In stratified layers, the areal cross-flows exchange oil from the low-permeability intervals with water from the high-
permeability intervals, lowering the water cut and improving the oil recovery; however, in homogeneous layers this effect is 
not prominent as there is no significant saturation difference across the layers.  
The results suggest that heterogeneity in stratified reservoirs is critical to the effectiveness of cyclic water injection. 
 
 
 
Figure 12 – Shows the effective permeability against the changes in oil recovery (left), and water cut (right). The legend shows the 
permeability contrast of the layers. The results from sensitivities to permeability contrast show that reservoir heterogeneity is 
critical in achieving an efficient cyclic waterflood. It is also apparent that permeability contrast is more important than effective 
permeability in achieving an efficient cyclic waterflood.  
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Application of sensitivity trials of synthetic models to Wytch Farm oilfield 
Following the sensitivity study performed on the synthetic 2D and 3D models, it was found that operationally cycling water 
injection by lowering the rate and then increasing it to the base rate for long cyclic durations will provide the highest 
production enhancement. In this section, the results of the sensitivity study are implemented on a model for a real oil field – 
the Wytch Farm reservoir. 
The Wytch Farm reservoir is a heterogeneous water wet reservoir, with permeability contrasts and a low Kv/Kh ratio. The 
continuous injection was performed for 20 years and the cyclic injection scheme applied had 4 cycles each with 5 year 
durations.  The injection cycles were at a lower rate, followed by the base rate, which will inject a lower cumulative volume 
over the field life, the pressure was maintained above the bubble point pressure. Cycling the injection is expected to improve 
the oil recovery, and decrease the water production and water cut.  
The cyclic waterflooding scheme improved the production parameters, by injecting less water. Table 5 summarizes the 
production enhancements against the continuous waterflood; the oil recovery improves by 2.75%. Figure 13 shows the 
difference with cyclic water injection over continuous water injection. A cyclic injection scheme injects less water (16%) and 
thus produces less water (16.5%) and lowers the water cut by 3.7%, with no negative impacts on oil recovery. 
 
Table 5 – The production enhancement with cyclic water injection compared with continuous water injection is marked – with a 
lower water production and improved oil recovery. 
Percentage change with cyclic waterflooding (%) 
Oil recovery Water production Water cut Water injection 
2.75 -16.5 -3.69 -16.0 
 
 
 
Figure 13 – Cyclic injection improves the oil recovery and decreases the water production for a Wytch Farm reservoir model vs. 
continuous waterflooding. 
 
The enhanced production was expected based on the sensitivity trials. The Wytch Farm reservoir was water wet, had a 
low Kv/Kh ratio, heterogeneous, and by controlling the operational parameters there was a positive effect. The results also 
strongly suggest that cyclic water injection is beneficial with respect to managing produced water.  
 
Additional remarks 
Improvements in production through cyclic waterflooding will be reservoir and case specific. The pressure changes can be 
controlled through operational parameters such as cyclic injection rate and duration of injection. In a heterogeneous, low 
anisotropy, water wet reservoir cyclic water waterflooding schemes allow for pressure differentials to be optimized allowing 
for production enhancement. Cyclic water injection delays the shock front from reaching the production well, allowing for a 
later breakthrough while maintaining oil production.  This enhances the microscopic displacement efficiency, and allows for 
a lower oil saturation to be reached.  This is dependent on the heterogeneity of the reservoir as the greater the permeability 
contrasts in orders of magnitude, the greater the calculated pressure gradient across blocks of reservoir rock and hence the 
longer injection cycles produced a significant drop in the water produced, with an increase in the oil recovery.  
In stratified reservoirs when water flows through the higher permeability layers, there are saturation differences and 
hence, pressure differences. Cyclic injection can take advantage of this and create larger pressure differentials. Longer 
injection cycles provide longer fluid equilibration periods and promote capillary cross-flows. Capillary forces promote water 
imbibition into lower permeability layers, while expelling oil into higher permeability layers. 
The simulation results seem promising and, on a field scale, the improvements are worthwhile with cyclic waterflooding, 
as the implementation costs are minimal, particularly considering that there are no negative impacts on oil production with 
lower water production and injection.  
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Summary and Conclusions 
Based on the results presented in this paper, the following are the main conclusions reached: 
- The simulation results show that applying a cyclic injection scheme provides some advantages over a continuous 
non-cyclic injection scheme, particularly with decreasing the cumulative water produced. 
 
- Cycling water injection sometimes improves the oil recovery and lowers the cumulative water production, but 
effects are most marked with longer injection cycles, and under certain reservoir conditions. 
 
- The cycle length is the most important factor, supported by the results where the recovery factor increased, 
cumulative water injection and production, and water cut decreased, suggesting a convex relationship of the cyclic 
efficiency to the cyclic length. 
 
- The effects of the cycle length are slightly amplified by modifying the injection rates, and cycling the injection at a 
rate lower than the base injection rate, followed by cycling the injection at the base injection rate. 
 
- Water cut is always reduced regardless of the reservoir wettability, but the recovery is most significant in stratified 
water wet reservoirs. 
 
- Heterogeneity in stratified reservoirs is important in achieving process efficiency, with maximum effect with layers 
of contrasting permeability. 
 
- Even in the cases where the improvement on oil production was minimal, the water production rates and cumulative 
water production was significantly lower. This can operationally provide the advantage of limiting the need for 
surface water handling facilities. 
 
- Using cyclic water injection, compared to conventional continuous water injection, has a lower cumulative water 
injection profile. 
 
- Cyclic water injection can help provide a better solution to managing produced water reduction. 
 
Based on the simulations and sensitivity trials, if certain reservoir conditions are met, cyclic water injection can be a 
useful IOR method. Technology such as smart wells minimizes the operational complexities, and since cyclic injection rates 
will not be above the base injection rate, no additional pumps nor other equipment needed. The injection rates will just need 
to be manually changed; however, the simulation trials also suggest a lower amount of pressure on produced water handling 
facilities, thus keeping operational complexities negligible/minimal. Based on the trials completed for 2D and 3D models, 
improvements in oil recovery up to 8%, with decrements in water production of up to 20% can be obtained. Cyclic injection 
on a Wytch Farm model improved oil production by 2.8% and lowered water production by 16.5%. The results suggest that 
operationally, for a minimal additional cost, there can be a considerable economic advantage. It should be noted that while 
percentage improvement values may seem small, on a field scale the change is significant.  
Smart wells can reduce operational complexities, and since the injection does not go over the base rate, both lowering the 
cumulative water injection and no additional pumps are required, thus the additional costs will be minimal. Cyclic water 
injection also lowers the capacity on surface water handling facilities and as the amount of water produced is also lowered, 
the process is economic. 
The simulation results, from the conceptual models and the Wytch Farm reservoir field model, suggest that cyclic water 
injection can be considered as a strategy when managing fields with high water cut, mature fields and for other field 
applications. This is primarily due to the enhancements in dealing with surface water handling. 
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APPENDIX 
 
APPENDIX A1: CRITICAL LITERATURE REVIEWS 
 
SPE-545 (1963) 
Cyclic Water Flooding the Spraberry Utilises “End Effects” to Increase Oil Production Rate 
Authors: L. F. Elkins, A. M. Skov. 
 
Contribution to the understanding of Cyclic Waterflooding: 
An early attempt at cyclic water flooding for a field case, which showed that cyclic water injection 
increases the oil production and lowers the water production.  
 
Objective of the paper: 
To present a field test of cyclic water injection on a fractured reservoir, and show the successes of the 
method. 
 
Methodology used: 
The water was injected for a period, and then there was no injection, followed by a period of 
injection, the production was constant throughout. Cyclic water injection followed by capacity water 
injection to maintain reservoir pressure. 
 
Conclusion reached: 
Cyclic water flooding increased the oil production rate and lowered the water cut as compared to 
conventional continuous water injection. Cyclic water injection is capable of producing oil faster in the 
rock matrix and with lower water production. It is suggested that this is due to oil, rock and water 
expansion and capillary forces. 
 
Comments: 
This paper presents a very early attempt at cyclic water injection and also looks into various 
operational issues too. 
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SPE-84856 (2003) 
Pulsed Water Injection During Waterflooding 
Authors: J. Groenenboom, S-W. Wong, T. Meling, R. Zschuppe, B. Davidson. 
 
Contribution to the understanding of Cyclic Waterflooding: 
Field tested pulsed pressure technology (PPT) in a heavy oil reservoir over a 5 month period. No 
confirmed production improvement primarily due to lack of high quality data; although viewed as a 
limited technical success as three important factors were laid out for future trials. 
 
Objective of the paper: 
To demonstrate pulsed pressure technology applied to a field and to show the change in injection, 
whether the equipment would be able to support the method and to increase the oil production. 
 
Methodology used: 
Lab experiments and theoretical developments suggested that pulsing might improve the sweep 
efficiency, and this was field tested. The pressure was pulsed in the order of 4-17 bars, with 5-6 pulses 
per minute. 
 
Conclusion reached: 
The first two objectives were reached but, the oil production was not increased. It was suggested that 
this was due to the absence of high quality data and corrosion; however this was not from PPT.  
Recommendations were laid out for future trials.  
 
Comments: 
The paper suggested that the type of water being injected is also an important factor, as it was 
identified that the water was dirty, which caused corrosion.  
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SPE-104440 (2006) 
The Reservoir Simulation Research and Extending Application About Cyclic Water Injection 
Authors: Y. Yaozhong, D. Tao, W. Chengfeng. 
 
Contribution to the understanding of Cyclic Waterflooding: 
A reservoir simulation model is built to that of the geological characteristics of a mature sandstone 
oilfield in China primarily to understand the effects of cyclic water injection on water cut, if any. Shows 
that the best effect is with cyclic injection and production patterns. 
 
Objective of the paper: 
To look at the mechanism and feasibility of cyclic waterflooding in lowering the water cut.  
 
Methodology used: 
Following history matching, two cyclic patterns were used – intermittent injection and intermittent 
injection and production. 
 
Conclusion reached: 
Main conclusions were that for cyclic water injection to be effective, water cut has to be around 95% 
and that the water cut decreases marginally when there are intermittent injection and production 
patterns. Also that it is more favorable to thin reservoirs. 
 
Comments: 
This paper looks at both cyclic injection and production and compares with cyclic injection only. 
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SPE-120818 (2008) 
Cyclic Production Scheme: Innovative Application in Reducing Water Production and Increasing 
Ultimate Recovery from Mature Areas 
Authors: S. Al-Mutairi, H. Al-Yousef, F. Al-Ajmi, H. Al-Hashim. 
 
Contribution to the understanding of Cyclic Waterflooding 
A conceptual simulation model was built to assess the impact on mature fields in Saudi Arabia. The 
main conclusions were that the cumulative water production could be decreased significantly and oil 
recovery could be improved by 4%. 
 
Objective of the paper: 
To use a conceptual simulation model to better evaluate the effects of Cyclic Production Scheme (CPS) 
on reservoir performance. 
 
Methodology used: 
A conceptual heterogeneous model was built and the Kv/Kh ratio was the modified parameter. 
 
Conclusion reached: 
Significant decrease in water production with no change in cumulative oil production. Suggests that CPS 
is better for managing excess water production. 
 
Comments: 
Results from their trials show that there was no additional oil recovered through cyclic water 
injection and suggests that cyclic water injection should be primarily a solution for handling surface 
water.  
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SPE-117836 (2008) 
Cyclic Water Injection Improves Oil Production in Carbonate Reservoir 
Authors: L. Surguchev, N.H. Giske, L. Kollbotn, A. Schihpanov. 
 
Contribution to the understanding of Cyclic Waterflooding 
Suggests that cycling the injection below the bubble point yields highest oil recovery from cyclic 
water injection. 
 
Objective of the paper: 
To use lab experiments, analytical and numerical simulations to test the cyclic injection process. 
 
Methodology used: 
Experiment was done with core samples and a generic 2D simulation model was used. 
 
Conclusion reached: 
There is a significant potential of cyclic water injection to improve displacement efficiency of 
waterflood in carbonate reservoirs. 
 
Comments: 
Lab experiments suggest that 2-15% additional oil recovery, however, numerical simulation studies 
only suggest a few additional percent (1-5%) 
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SPE-116873 (2008) 
Improved Oil Recovery by Cyclic Injection and Production. 
Authors: A.A. Shchipanov, L.M. Surugchev, S.R. Jakobsen. 
 
Contribution to the understanding of Cyclic Waterflooding 
Based on a numerical simulation, the main conclusions were that combining cyclic injection & 
production provides for maximum effect, and that longer cycles allow for more recovery. 
 
Objective of the paper: 
Understand the IOR process and evaluate parameters that affect cyclic water flooding. 
 
Methodology used: 
Analytical modeling and numerical simulations to rank most important factors. 
 
Conclusion reached: 
Longer injection cycles produce more incremental oil than shorter injection cycles and combining 
injection and production vs. cyclic injection only. 
 
Comments: 
Builds on previous work done by same author. 
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IPTC -14393 (2011) 
The Pulse Water Injection Research and Application in Offshore Oilfield. 
Authors: W. Yunxian, L. Ming, Y. Qinghong, F. Xin, Z. Tiyao, W. Liroong, L. Tingli, Z. Jianmin, Z. 
Lan, H. Young, Z. Guangfu, L. Peng, L. Fenghui. 
 
Contribution to the understanding of Cyclic Waterflooding 
2D and 3D simulation models were studied to view the effects of start time, & injection intensity on a 
sandstone heavy oilfield. The main conclusion was that sweep efficiency and recovery factor can be 
improved cyclic injection vs. conventional water injection. 
 
Objective of the paper: 
Sensitivity analysis is done on 2D and 3D reservoir models to understand the factors involved. 
Looked at the start time, injection intensity and cycle length and tested on BZ25-1S field model. 
 
Methodology used: 
Looks only at controlling the cycle length and cycle rate and field tests it. 
 
Conclusion reached: 
Stronger injection intensity enhances water sweep. Cumulative water injected is lower than 
planned/expected. Suggests that capillary imbibition drive is the main factor to further increase injected 
water sweep efficiency.  
 
Comments: 
Uses the term ‘pulsed injection’, ‘pulse cycle’ etc. which demonstrates that the terms are still used 
interchangeably.   
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SPE-162015-MS (2012) 
Predictions of cyclic water injection on Urnenskoe oil field 
Authors: Y. A. Khuzeev, A.B. Rublev, I.A. Ishimov, K.M. Fedorov 
 
Contribution to the understanding of Cyclic Waterflooding 
Suggested that remote producers do not respond to cyclic injection. 
 
Objective of the paper: 
To describe the framework of investigation to determine unknown parameters on the basis of 
streamline simulation. 
 
Methodology used: 
The calculations were performed on the Urnenskoe oil field. Done by having constant production 
with periods of injection and with periods of no-injection for 6 months. 
 
Conclusion reached: 
That the best injection variation, for this field, is 5 days of injection, followed by 10 days without 
injection. 
 
Comments: 
Study completed on a real oilfield model. 
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APPENDIX A2: MILESTONES 
 
Paper no Year Title Authors Contribution 
SPE-545 1963 Cyclic Water Flooding the  
Spraberry Utilises “End Effects”  
to Increase Oil Production Rate 
L. F. Elkins, A. M. 
Skov. 
An early attempt at cyclic water flooding 
for a field case, which showed that cyclic 
water injection increases the oil production 
and lowers the water production. 
SPE-84856 2003 Pulsed Water Injection During 
Waterflooding. 
J. Groenenboom, 
S-W. Wong, T. 
Meling, R. 
Zschuppe, B. 
Davidson. 
Field tested pulsed pressure technology 
(PPT) in a heavy oil reservoir over a 5 
month period. No confirmed production 
improvement primarily due to lack of high 
quality data; although viewed as a limited 
technical success as three important factors 
were laid out for future trials. 
SPE-104440 2006 The Reservoir Simulation 
Research and Extending 
Application About Cyclic Water 
Injection. 
Y. Yaozhong, D. 
Tao, W. 
Chengfeng. 
A reservoir simulation model is built to 
that of the geological characteristics of a 
mature sandstone oilfield in China 
primarily to understand the effects of 
cyclic water injection on water cut, if any. 
Shows that the best effect is with cyclic 
injection and production patterns. 
SPE-120818 2008 Cyclic Production Scheme: 
Innovative Application in  
Reducing Water Production  
and Increasing Ultimate  
Recovery from Mature Areas. 
S. Al-Mutairi, H. 
Al-Yousef, F. Al-
Ajmi, H. Al-
Hashim. 
A conceptual simulation model was built 
to assess the impact on mature fields in 
Saudi Arabia. The main conclusions were 
that the cumulative water production could 
be decreased significantly and oil recovery 
could be improved by 4%. 
SPE-117836 2008 Cyclic Water Injection Improves 
 Oil Production in  
Carbonate Reservoir 
L. Surguchev, 
N.H. Giske, L. 
Kollbotn, A. 
Schihpanov. 
Suggests that cycling the injection below 
the bubble point yields highest oil recovery 
from cyclic water injection. 
SPE-116873 2008 Improved Oil Recovery by  
Cyclic Injection and Production. 
A.A. Shchipanov, 
L.M. Surugchev, 
S.R. Jakobsen. 
Based on a numerical simulation, the main 
conclusions were that combining cyclic 
injection & production provides for 
maximum effect, and that longer cycles 
allow for more recovery. 
IPTC-14393 2011 The Pulse Water Injection  
Research and Application  
in Offshore Oilfield. 
W. Yunxian, L. 
Ming, Y. 
Qinghong, F. Xin, 
Z. Tiyao, W. 
Liroong, L. Tingli, 
Z. Jianmin, Z. Lan, 
H. Young, Z. 
Guangfu, L. Peng, 
L. Fenghui. 
2D and 3D simulation models were studied 
to view the effects of start time, & 
injection intensity on a sandstone heavy 
oilfield. The main conclusion was that 
sweep efficiency and recovery factor can 
be improved cyclic injection vs. 
conventional water injection. 
SPE-162015- 
MS 
2012 Predictions of Cyclic 
Water Injection on  
Urnenskoe oil field 
Y. A. Khuzeev, 
A.B. Rublev, I.A. 
Ishimov, K.M. 
Fedorov 
Suggested that remote producers do not 
respond to cyclic injection. 
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APPENDIX B: SENSITIVITY TRIALS 
 
 
Table B: 1- The main results from the sensitivities to cycle rate. The rate trials were performed with 6 equal injection 
cycles at the rates above.  
 
2D 
 
3D 
  Change in RF (%) 
Change in 
FWPT (%)  
  
Change in RF 
(%) 
Change in 
FWPT (%) 
20-21 2.38 -5.65 
 
193-200 0.32 -3.45 
19-21 2.34 -10.8 
 
185-200 0.11 -6.69 
18-21 2.26 -15.9 
 
208-192 -0.28 2.74 
14-28 -0.40 -7.89 
 
208-200 -0.94 10.3 
22-20 -0.90 1.4 
 
150-200 -1.45 -20.5 
 
 
 
Table B: 2 – Sensitivities to cycle length show that longer cycles provide most production enhancement. 
2D 
 
3D 
Number of 
Cycles 
Change in 
RF (%) 
Change in 
FWPT (%) 
 
Number of 
Cycles 
Change in 
RF (%) 
Change in 
FWPT (%) 
4 3.09 -6.83 
 
3 0.37 -8.81 
3 3.04 -5.75 
 
5 0.37 -8.02 
6 2.97 -5.46 
 
8 0.32 -7.91 
8 2.91 -5.43 
 
6 0.32 -8.19 
10 2.85 -5.36 
 
18 0.29 -7.46 
20 2.47 -5.23 
 
15 0.28 -7.51 
 
 
 
Table B: 3- Sensitivities to wettability and capillary pressure showing the percentage changes in oil recovery, water 
production and field water cut. The production enhancement was the greatest on the water-wet reservoir, and the 
effects virtually negligible for the mixed-wet reservoir. 
 
2D 
Change 
in RF 
(%) 
Change 
in 
FWPT 
(%) 
Change 
in 
FWCT 
(%) 
 
3D 
Change 
in RF 
(%) 
Change 
in 
FWPT 
(%) 
Change 
in 
FWCT 
(%) 
 Water-wet 3.51 -11.5 -1.65 
 
Water-wet 0.37 -8.82 -1.31 
Oil-wet 1.98 -0.39 -0.12 
 
Oil-wet 0.16 -14.8 -2.27 
Mixed-wet 0.52 -18.1 -0.02 
 
Mixed-wet -0.14 -22.4 -4.85 
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Table B: 4 - Sensitivities to Kv/Kh ratio trials suggest that cyclic water injection is suited to low anisotropy reservoirs. 
 
2D  Percentage change (%) 
 
3D  Percentage change (%) 
Kv/Kh ratio RF FWPT FWCT 
 
Kv/Kh ratio RF FWPT FWCT 
0.01 7.70 -10.9 -3.75 
 
0.01 1.43 -7.33 -1.37 
0.025 8.02 -11.2 -4.36 
 
0.025 1.28 -8.23 -1.13 
0.05 7.76 -11.3 -4.14 
 
0.05 1.05 -9.30 -0.78 
0.1 7.38 -11.3 -3.81 
 
0.1 0.74 -10.1 -0.67 
0.25 6.38 -11.4 -3.13 
 
0.25 0.61 -10.2 -0.72 
0.5 5.02 -11.5 -2.30 
 
0.5 0.68 -10.3 -0.99 
1 2.68 -10.9 -1.24 
 
1 0.37 -8.79 -1.31 
 
 
 
Table B: 5 - The results from sensitivities to permeability contrast show that reservoir heterogeneity is critical in 
achieving an efficient cyclic waterflood. 
 
2D  Percentage change (%) 
 
3D  Percentage change (%) 
Keff Permeabilities RF FWPT FWCT 
 
Keff Permeabilities RF FWPT FWCT 
108 10-500-10 2.68 -10.9 -1.24 
 
108 10-500-10 0.37 -8.79 -1.31 
240 50-500-300 4.89 -10.7 -3.44 
 
104 1-500-10 0.76 1.07 0.50 
144 100-500-10 4.54 -10.8 -1.70 
 
122 5-500-50 0.03 -7.72 -1.41 
240 300-500-50 6.02 -11.0 -3.30 
 
212 5-50-500 0.01 -7.16 -1.78 
400 50-500-700 5.27 -10.6 -2.36 
 
221 50-5-500 -0.10 -8.34 -1.20 
18 10-50-10 -0.82 -8.64 -5.03 
 
13 10-25-10 0.06 -8.40 -1.11 
13 10-25-10 -0.76 -8.38 -15.5 
 
410 500-50-500 1.60 -9.69 -1.41 
402 500-10-500 4.18 -8.75 -4.41 
 
14 5-50-5 1.82 18.8 1.99 
82 100-10-100 2.29 -10.1 -0.93 
 
140 100-300-100 0.70 -10.4 -0.99 
242 500-10-100 7.32 -11.6 -5.20 
 
104 5-500-5 0.03 -7.67 -1.40 
222 50-10-500 5.08 -10.7 -3.17 
 
140 50-500-50 0.66 -10.5 -0.97 
222 500-10-50 7.38 -11.6 -4.42 
 
401 500-5-500 1.56 -9.64 -1.42 
29 10-25-50 -1.51 -8.59 -5.11 
 
21 50-5-50 0.67 -10.0 -0.01 
 
 
 
 
 
 
